neutron-production doubledifferential cross sections, iron, 1.5 GeV, p+ mesons incidence, intranudear cascade-evaporation model, high energy transport code, in-medium effects, experimental data, GeV range 01-10, neutron detection, MeV range 10-100, MeV range 100-1000 energy resolution Nuclear data in the intermediate energy region up to a few GeV are recently getting more important for such applications as a spallation neutron source and an accelerator based nuclear waste transmutation system. Proton incident reactions are utilized to generate neutrons in these facilities. At incident energies particularly above 1GeV, a number of pions are yielded from the primary proton reactions. The pions easily induce secondary nuclear reactions, and accordingly generate secondary neutrons in the target system. Calculation codes such as High Energy Transport Code (HETC)(1)(2) are based on Birtini's intranuclear cascade-evaporation (INCE) model(3), and they are commonly used for the design studies of the applications. The codes have been formed to be applicable to the nuclear reactions by both nucleon and meson incidence. Pion incident cross sections have been mainly measured on production of radioactive nuclei(4)- (7), and studies on the capability of the codes have been performed by a comparison between the experimental results and the computed ones. For particle emission cross sections by pion incidence, some experiments(8)(9) have been made on proton emissions, but there were few experimental data at incident energies above 1GeV. The INCE model has not been checked for neutron-production double-differential cross section on intermediate-energy pion-incident nuclear reactions so far. In this work, the neutron-production doubledifferential cross sections were measured for iron by the use of 1.5GeV p+ mesons, and the applicability of the INCE model to this reaction is studied.
Nuclear data in the intermediate energy region up to a few GeV are recently getting more important for such applications as a spallation neutron source and an accelerator based nuclear waste transmutation system. Proton incident reactions are utilized to generate neutrons in these facilities. At incident energies particularly above 1GeV, a number of pions are yielded from the primary proton reactions. The pions easily induce secondary nuclear reactions, and accordingly generate secondary neutrons in the target system. Calculation codes such as High Energy Transport Code (HETC)(1) (2) are based on Birtini's intranuclear cascade-evaporation (INCE) model(3), and they are commonly used for the design studies of the applications. The codes have been formed to be applicable to the nuclear reactions by both nucleon and meson incidence. Pion incident cross sections have been mainly measured on production of radioactive nuclei(4)- (7), and studies on the capability of the codes have been performed by a comparison between the experimental results and the computed ones. For particle emission cross sections by pion incidence, some experiments(8)(9) have been made on proton emissions, but there were few experimental data at incident energies above 1GeV. The INCE model has not been checked for neutron-production double-differential cross section on intermediate-energy pion-incident nuclear reactions so far. In this work, the neutron-production doubledifferential cross sections were measured for iron by the use of 1.5GeV p+ mesons, and the applicability of the INCE model to this reaction is studied.
Experiment
and Data Analysis Neutron-production double-differential cross sections by proton incidence were measured by our group with the Time-of-Flight (TOF) method(10) (11) . Most of the present experimental procedure in this work is identical to that in the previous papers(10) (11) . A brief explanation on the experimental method is described below.
The experiment was carried out at the p2 beam line of the 12GeV proton synchrotron at National Laboratory thick were adopted to detect low energy neutrons, because they exhibited good pulse-shape discrimination even in the energy region around 1MeV.
Flight path lengths were 1m for the larger detectors and 0.6m for the smaller ones. An iron target 4.9cm in diameter and 3.0cm thick was located at the beam line height of 1.7m.
A m-VAX computer was used for controlling CAMAC modules for data taking. All experimental data were recorded on magnetic tapes and were analyzed by an off-line method.
The neutron detection efficiencies were obtained from calculation results of SCINFUL (12) and CECIL(13) codes.
The neutron detection efficiencies were calculated with four threshold bias levels, which are listed in Table 1 
. The results of the CECIL code were adjusted to smoothly connect with those of the SCINFUL at 80MeV and were used above 80MeV.
A correction for the effect of multiple-scattering neutrons in the iron target was required for the data analysis because the target thickness of 3.0cm was not so thin. The effect was quantitatively checked by two kinds of calculations. One is the neutron-emission nuclearreaction calculation for the iron nucleus by the means of NUCLEUS code (14) which is the nuclear reaction computation part of the NMTC/JAERI (15) . The other is the calculation including the neutron transport in the actual thickness target by the use of both NMTC/JAERI at particle energies above 20MeV and MCNP4A(16) below 20MeV. The experimental data were corrected on the basis of the ratio of these calculation results.
The uncertainties of the multiple-scattering corrections were estimated as 20% and those of the neutron detection efficiencies were determined to be 10% in the neutron energy region below 80MeV, while they were set at 15% above 80MeV. The uncertainties amounted to 26% at most, except for the statistical errors. The time resolution of the neutron TOF measurement was obtained from FWHM of the flash gamma-rays and was evaluated to be 0.5 to 1us after a time walk correction for constant fraction discriminators. The uncertainty of the neutron TOF was dominated by the time resolution of the neutron detector because the time of incident pions were individually determined with much better time resolution. The time resolution of the neutron TOF was converted to the energy resolution by taking account of the uncertainty of the flight path length which was assumed as the half thickness of the detector. The typical energy resolution is 5 .3% at the neutron energy of 10MeV and 15% at 300MeV.
Results and Discussion
Neutron-production double-differential cross sections for 1.5GeV p+ mesons incident on the iron target are shown in Fig . 1 . Error bars indicate the experimental uncertainties in one sigma including statistical errors. Dashed lines show the calculation results of the standard HETC which employs free nucleon-nucleon (NN) collision cross sections in the cascade process. The dashed lines generally reproduce the experiment in the neutron energy region from 30 to 200MeV at all directions. In contrast, the calculations overestimate the cross sections below 30MeV by a factor of three at maximum. It is noted that the neutrons below 30MeV are generated partly from the multiple cascade collision following to the primary pion-nucleon interaction and mainly from the evaporation process of the remnant nuclei after the cascade one. At neutron energies above 200MeV, the ex- As a conclusion, the neutron-production doubledifferential cross sections were measured for 1.5GeV p+ mesons incident on the iron target. The experimental data are not reproduced by the HETC particularly at the neutron energies below 30MeV. It is shown that adoption of the in-medium NN cross sections leading to the longer mean free path improves the agreement between the calculations and the experiments.
